Reading requires efficient communication within a network of visual, auditory, and language brain regions that are separated by many centimeters. Cortical communication at this length scale takes place via bundles of nerve axons (fascicles) that comprise the cerebral white matter. Signals carried by two specific fascicles, the left hemisphere arcuate fasciculus and the left hemisphere inferior longitudinal fasciculus (ILF), are both important for reading words ( Fig. P1A) (1, 2). When individuals are compared, MRI measurements within the arcuate and ILF differ depending on the child's reading skill. It generally is assumed that these differences are present from an early age, remain constant through development, and constrain children's reading achievement. However, development of cerebral white matter is a dynamic process that includes multiple biological mechanisms; the balance between these mechanisms differs among individuals. To understand the dynamic relationship between white-matter development and reading achievement, we measured the relationship between white matter and reading skills over a 3-y period. Our results provide a quantitative neurobiological measure that predicts reading skill in children.
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MRI can measure tissue properties by assessing how water diffuses through the white-matter fascicles. Testing hypotheses about the relationship between the timing of white-matter development and cognitive development requires making these measurements in individual children as their cognitive skills mature (i.e., a longitudinal study design); it is not possible to detect such a relationship by measuring many individuals, each at a single point in time (i.e., in a cross-sectional study design). Hence, we performed a longitudinal study to follow 39 children, with initial ages between 7 and 12 y, for 3 y. Each child was measured at least three times with diffusion-weighted imaging, and cognitive, language, and reading skills were assessed with standardized tests.
We identified the arcuate and ILF in each child using a fiber tractography algorithm. We then measured diffusion in these fascicles and in control fascicles that appear to be unrelated to reading. We summarize diffusion at each point in time by a measure called "fractional anisotropy" (FA), which is a ratio that compares diffusion parallel and perpendicular to the orientation of the primary fascicle. FA is a summary measure of the underlying biology; it depends on many types of tissue properties, including myelination, diameter, and number and density of axons. FA is very sensitive to small changes in the organization of white-matter fascicles (3).
Our principal finding is that the rate of FA development of the arcuate and ILF, but not the control fascicles, varies substantially among children, and this rate covaries with child's reading proficiency. The development rates in the arcuate and ILF can be used to predict the child's reading proficiency, and this prediction closely matches the measured proficiency (Fig. P1B ). Children with above-average reading skills initially have a low FA value in both pathways, which increases over time. Children with below-average reading skill initially have high FA that declines over time (Fig. P1C) .
Although diffusion-weighted MRI does not resolve the precise biological mechanisms, the pattern of results suggests a dual-process model of whitematter development (Fig. P1C) . For example, the development of cerebral white matter involves both myelination, which increases the signal conduction speed of an axon, and pruning of unnecessary axons, which frees space for further myelination of pertinent axons. As myelination increases the axonal volume in a voxel, FA increases (3). Pruning of superfluous axons decreases the space occupied by axons and decreases FA. The balance between these two types of processes differs among individuals, and this variation may explain the differences in the rate of FA development among individuals. Future measurements with novel quantitative MRI methods that are sensitive to the precise biological composition of tissue will resolve the specific contributions of each process in development.
Despite receiving a similar quality of education, there is wide variability in how efficiently children acquire essential academic skills. The rate at which a child learns to read early in elementary school is highly predictive of relative reading proficiency throughout childhood, adolescence, and adulthood (4). The stability of children's relative reading proficiency has motivated attempts to use neuroimaging measurements to predict children's educational outcomes (neuroprognosis), with the long-term goal of developing individualized education programs (5) . Individual children may benefit from instruction that is tailored and timed to their brain-development process.
